The current systems of risk grouping in pediatric acute lymphoblastic leukemia (ALL) fail to predict therapeutic success in 10-35% of patients. To identify better predictive markers of clinical behavior in ALL, we have developed an integrated approach for gene expression profiling that couples suppression subtractive hybridization, concatenated cDNA sequencing, and reverse transcriptase real-time quantitative PCR. Using this approach, a total of 600 differentially expressed genes were identified between t(4;11) ALL and pre-B ALL with no determinant chromosomal translocation. The expression of 67 genes was analyzed in different cytogenetic ALL subgroups and B lymphocytes isolated from healthy donors. Three genes, BACH1, TP53BPL, and H2B/S, were consistently expressed as a significant cluster associated with the low-risk ALL subgroups. A total of 42 genes were differentially expressed in ALL vs normal B lymphocytes, with no specific association with any particular ALL subgroups. The remaining 22 genes were part of a specific expression profile associated with the hyperdiploid, t(12;21), or t(4;11) subgroups. Using an unsupervised hierarchical cluster analysis, the discriminating power of these specific expression profiles allowed the clustering of patients according to their subgroups. These genes could help to understand the difference in treatment response and become therapeutical targets to improve ALL clinical outcomes.
Introduction
At least six important chromosomal changes have been identified in pediatric B-cell precursor acute lymphoblastic leukemia (ALL). They correspond to hyperdiploid (450) and hypodiploid (o45) chromosomal status, or one of the following chromosomal translocations: TEL-AML t(12;21), E2A-PBX1 t(1;19), BCR-ABL t (9;22) , and MLL-AF4 t(4;11). 1 These chromosomal modifications and other clinical findings such as age and initial white blood cell count (WBC) define pediatric ALL subgroups and are used as diagnostic and prognostic markers to assign specific risk-adjusted therapies. For instance, 1.0 to 9.9-year-old patients with none of the determinant chromosomal translocation (NDCT) mentioned above but with a WBC higher than 50 000 cells/ml are associated with higher risk group. 2 Hyperdiploid and t(12;21) ALL patients are considered low-risk ALL, are treated with less intensive therapy, and have a better event-free survival (EFS) after therapy (480% at 5 years). 1, 3 Conversely, hypodiploid, t(1;19), t(9;22), and t(4;11) ALL patients are considered high-risk ALL, and are treated with more intensive regimens. These patients, with the exception of t (1;19) , are at a higher risk of relapse and have a much lower EFS after therapy (o40% after 3-5 years). 1, 3 The t(1;19) patients have an EFS of 70-80% after 5 years that is more similar to lowthan high-risk ALL. 1, 3 The present risk grouping based on clinical, cytogenetic, and immunophenotypic criteria fails to predict the 10-35% patients who will relapse on current therapies. Such inadequacy might be overcome with the identification of molecular prognostic markers. To identify such markers, it is necessary to establish ALL gene expression profiles. Currently, specific gene expression profiles have been established with the use of microarrays for B-cell precursor ALL subgroups, T-cell ALL, minimal residual disease, and to distinguish between acute myeloid leukemia (AML) and ALL. [4] [5] [6] [7] [8] A specific gene expression profile that can accurately predict relapse is beginning to emerge from these studies. 5 However, specific markers that can identify low-risk ALL and be indicative of an effective response to less intensive or toxic therapy have yet to be found.
Gene expression profile characterization can be realized with different techniques that can be grouped under two broad descriptions: sequencing technologies developed for the analysis of global expression pattern and technologies developed for the differential profiling of gene expression. [9] [10] [11] [12] [13] [14] [15] However, each of these techniques has several limitations. Many of the global sequencing approaches have the disadvantage of unacceptable amount of redundant sequencing in order to complete the characterization. Any of the techniques that require plasmid cloning introduce insert size bias. Microarray approaches are limited by issues related to gene preselection (it is estimated that only 20% of the entire cell transcriptome is presently represented even on the most comprehensive microarray), difficulties with quantification, detection of rare transcripts, and issues of amplification bias especially with small clinical specimens. Therefore, there is a need for the development of high-throughput techniques that overcome the above disadvantages.
We have developed a novel approach to facilitate gene expression profiling that combines the selective and normalization power of suppression subtractive hybridization (SSH), the high-throughput sequencing capability of concatenated cDNA sequencing (CCS), and the quantitative analytical power of reverse transcriptase real-time quantitative PCR (RT-RQ-PCR). The SSH-CCS-RT-RQ-PCR approach was developed using pediatric t(4;11) and NDCT ALL subgroups as an experimental model. We hypothesized that we could characterize rapidly, with low RNA requirement, a large set of differentially expressed genes and identify unknown markers and expression profiles of ALL subgroups. In addition, the potential for discovery was not limited by preselection of specific target genes. RT-RQ-PCR was used to assess the specificity of the SSH-CCS-generated gene expression profiles, and to expand the study to normal B lymphocytes and other ALL subgroups. This approach allowed us to determine specific gene expression profile for t(4;11), t(12;21), hyperdiploid ALL subgroups, and identify general and specific low-risk ALL markers.
Materials and methods

Cell isolation
Human patient samples were collected under an Institutional Review Board for Human Subject Research (IRB) for Baylor College of Medicine and Affiliated Hospitals approved protocol. Two panels of newly diagnosed patients were used in the gene expression study: a smaller panel of 19 patients for the general analysis and a broader panel of 38 patients for the specific lowvs high-risk study (BACH1, TP53BPL, and H2B/S expression analysis). The patients were categorized into one of the following pre-B ALL subgroups: four and five patients with hyperdiploidy (55-58 chromosomes), six and 15 patients with the translocation t(12;21), four and six patients with the translocation t(4;11), one and five patients with the translocation t(9;22), one and four patients with the translocation t(1;19), and three NDCT patients with high WBC at presentation (82 000 to 4200 000 cells/ml). Leukopheresis, bone marrow, or blood exchange samples of the patients were fractionated by density centrifugation on a polysucrose gradient (Histopaque, Sigma, St Louis, MO, USA) and cells were collected at the interface. The percentage of the blasts was between 84 and 95% in most of the biological samples and over 90% after Ficoll separation.
Freshly prepared buffy coats of three normal individuals were obtained from a blood bank (Gulf Coast Regional Blood Center, Houston, TX, USA) and the mononuclear cells were separated on polysucrose gradient as mentioned above. CD19 + B lymphocytes were then purified by sequential magnetic separation using MACS microbeads and separation columns as per the manufacturer's protocol (Miltenyi Biotec, Auburn, CA, USA). In brief, the cells were first blocked with an FcR blocking reagent, then incubated with a mouse anti-human CD3 + (T lymphocytes) antibody conjugated to super-paramagnetic MACS MicroBeads. The cells were applied to a LD depletion column in the magnetic field of the MACS separator to allow the CD3 À cells to elute out of the column. 
RNA isolation
The total cellular RNA was extracted utilizing Ultraspec II (Biotecx Laboratories, Houston, TX, USA), a commercial version of the acid-phenol method. 16 RNA integrity was checked on a formaldehyde agarose gel. mRNA was extracted with Oligotex (Qiagen, Santa Clarita, CA, USA). The total and mRNA extractions were performed as per the manufacturer's instructions.
Suppression subtractive hybridization
The Diatchenko and co-workers 14, 15 PCR-based cDNA subtraction method was performed using the SMART PCR cDNA synthesis and PCR-Select subtraction kits (Clontech Laboratories, Palo Alto, CA, USA) as described previously. 17 The protocol was initiated with 240 ng of mRNA from two t(4;11) ALL patients (patients A and B) and two NDCT ALL patients (patients C and D). The cDNA was then cut into smaller fragments with RsaI to optimize the hybridization process, and a certain proportion of the resulting fragments (tester) were linked to a set of adaptors as per the manufacturer's instructions 17 (Clontech). One set of hybridizations was performed between patients A and C cDNA, and between patients B and D cDNA. In this hybridization set, patients C and D cDNA was used in excess (drivers), resulting in two differentially expressed subtracted t(4;11) cDNA pools. A second set of hybridization was performed using patients A and B cDNA in excess (drivers), resulting in two differentially expressed subtracted NDCT cDNA pools. The differentially expressed SSH cDNA fragments from each pool were then amplified twice. 17 
Concatenation
The concatenation strategy is illustrated in Figure 1 . The subtracted cDNA pools were electrophoresed on a 1.25% agarose gel. The parts of the gel containing 500-700 bp cDNA were excised and pooled in two groups (t(4;11) and NDCT). The cDNAs were extracted using the QIAquick gel extraction kit (Qiagen) and concentrated with Microcon YM-50 (Millipore, Bedford, MA, USA). The SSH adaptors were then removed by restriction digest at 371C overnight with EagI and NotI (New England Biolabs, Beverly, MA, USA) in the presence of 1% BSA. The digested products were gel purified a second time and concentrated as above. The cDNAs were ligated using T4 DNA ligase at 161C overnight to form large concatenated products. The concatenated products were then sheared into 1-2 kb fragments with an Aero-Mist Nebulizer (Cis-Us Inc., Bedford, MA, USA), shotgun cloned into pUC18-based sequencing vector, and sequenced in the Baylor College of Medicine Human Genome Sequencing Center (BCM-HGSC) pipeline. Individual cDNA sequences were computationally resolved by electronic digests into contiguous sequences (contigs) representing the original SSH cDNA fragments. The processed reads were assembled using the PHRED/PHRAP suite of programs and analyzed through Consed Autofinish to identify the contigs/SSH cDNA fragments present at high copy numbers. [18] [19] [20] The contigs/SSH cDNA fragments were subjected to rapid batch analysis by querying the latest genome and transcript databases using a suite of informatic tools developed for genomic sequence analysis but adapted for cDNA by the BCM-HGSC.
Optimization of the concatenation process for SSH product sequencing
One of the main goals in the development of the SSH-CCS approach was to obtain maximum gene expression profile information with minimum sequencing. A stepwise strategy was adopted to determine the optimal number of sequence reads that will identify the majority of SSH cDNA fragments in a subtracted library and make the sequencing cost-effective. For this purpose, multiple assemblies from the t(4;11) ALL SSH-CCS library were run with incremental increases in the number of sequence reads and analyzed as a function of their diversity in SSH cDNA fragments. A total of 413 different SSH cDNA fragments were identified from 650 sequence reads. The first 405 sequence reads identified 348 different SSH cDNA fragments whereas only 65 new SSH cDNA fragments were identified from the following 245 sequence reads, indicating that a plateau effect was already beginningto take place between 405 and 650 sequence reads (Figure 2, &) .
To associate these 413 different SSH cDNA fragments from the t(4;11) ALL SSH-CCS library with individual transcripts, each sequence assembly was then analyzed by BLAST analysis against the NCBI nr database. Approximately 35% of the sequence reads were inter-related since several SSH cDNA fragments corresponded to different RsaI fragments of a transcript full-length sequence. Consequently, the 413 different SSH cDNA fragments corresponded in fact to 316 differentially expressed transcripts (Figure 2 , *). Although further increases in sequence reads would identify more unique transcripts, the cost-benefit ratio of this procedure would clearly be compromised by the fact that the majority of these reads would fall in the previously identified SSH cDNA fragment category.
The BLAST analysis also revealed that about 12% of the SSH cDNA fragment sequences did not show any significant alignments (Figure 2 , B). About half of these appear to be due to poor sequence quality. The other half identify transcripts from areas of the genome, which have yet to be sequenced to high quality. This number is consistent with the fraction of the genome, which has not been easily amenable to sequence analysis.
cDNA synthesis and real-time PCR
Total RNA was suspended in RNAsecure and treated with DNAfree to remove any DNA contamination (Ambion). Total RNA (0.5-1 mg) was then subjected to RT using TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City, CA, USA).
PCR primers were designed using Primer Express Software (Applied Biosystems) with the following parameters: the length of the amplicon between 50 and 150 bp, the T m of the primers between 58 and 601C, and the span of an intron. Real time quantitative (RQ-PCR) PCR was performed using the SYBR Green PCR Core Reagents kit (Applied Biosystems) as per the manufacturer's instructions. Each reaction contained a 1:10 cDNA dilution to amplify the gene of interest or a 1:500 cDNA dilution to amplify the endogenous 18S control. The PCRs were performed on an ABI Prism 7700 or 7900HT Sequence Detection System (96-and 384-well plate, respectively) under the universal thermal cycling parameter (501C for 2 min and 951C for 10 min followed by 40 cycles of 951C for 15 s and 601C for 1 min). Fluorescence was measured during the extension period of each cycle to monitor the amplification. Concatenation cDNA sequencing strategy. The t(4;11) (lanes A and B) and NDCT (lanes C and D) SSH cDNA pools of each patient subtracted pair were electrophoresed in parallel with the molecular weight markers (Hyperladder I, Bioline) (upper picture). The 500-700 bp fractions were cut out of the gel and combined (A and B, C and D). The cDNA extracted from the gel was digested with Eag1 and Not1, purified, and ligated. The resulting large concatemers were then sheared into 1-2 kb fragments, shotgun cloned, and sequenced. The middle and bottom pictures illustrate the ligation and the sheared concatemer fragments run in parallel with High DNA Mass Ladder (InVitrogen). The Eag1 and Not1 restriction sites defining boundaries between individual cDNA sequences were identified on chimeric reads using various computational tools. Sequences belonging to individual SSH cDNA were resolved via electronic digests at these restriction sites. Distribution of t(4;11) unique SSH cDNA and transcripts in function of the number of sequence reads. BLAST analysis of incremental assemblies evaluating the breakdown between SSH cDNA mapping the genome. The total amount of SSH cDNA fragments (&) could be subdivided into cDNA with a known (D) or unknown genomic source (B). The amount of unique transcripts (K) was calculated after the different SSH cDNA fragments were associated with their respective full-length transcript to account for the fact that several SSH cDNA are, as RsaI fragment, part of the same transcript.
The specificity of the amplification was monitored by dissociation curves. The dissociation of SYBR Green I labeled cDNA was performed after the completion of the PCR by heating the PCR products for 15 s at 951C, 20 s at 601C, and increasing the temperature slowly up to 951C over a 20 min interval. The dynamic range of several genes was also tested using serial RNA dilution to generate a relative standard curve. Each of the genes tested were detected over a 4-5 logarithm dilution range. The PCR efficiencies of the target gene and endogenous control were predicted by comparing the slope value of the relative standard curve.
The RQ-PCR data were analyzed using a comparative relative quantification method. 21 In this method, the expression of a gene in a target sample is compared with its expression in a reference sample named calibrator. The fold change in expression is calculated using the formula 2 ÀDDC T where DDC T ¼ (C T of the gene in the target sample ÀC T of the endogenous control in the target sample) -(C T of the gene in the calibrator À C T of the endogenous control in the calibrator ). 21 In this study, the fold change in gene expression was normalized with the C T value of 18S rRNA used as endogenous control and was calculated in relation to the C T value of normal B lymphocytes used as calibrator. In cases where the genes were not expressed in any of the normal B lymphocytes or their C T value was 436.5, one of the NDCT patient's sample was used consistently as a calibrator.
Every reaction was performed in duplicate on each plate. Initially, triplicates were used but were found to be unnecessary due to the high reproducibility of the results. DNA contamination was monitored for each sample with an RT minus control, and no DNA contamination was ever detected. In all, 25 genes were analyzed on a complete panel of 19 ALL patients and three healthy individuals, and amplified a second time from cDNA originating from different RT reactions, or distinct cDNA dilutions. This resulted in the same expression patterns seen in the initial amplification.
Cluster and general discriminant analyses
Unsupervised hierarchical cluster analysis (HCA), a multivariate statistical method, was performed with the CLUSFAVOR computer algorithm developed by Dr Leif Peterson 22, 23 (available at the web site: http://mbcr.bcm.tmc.edu/genepi). HCA identifies 'natural' groupings of objects considered in an analysis. One minus correlation (1Àr) was used as the distance function for the fold variation value of the gene expression.
To investigate the ability of transcripts to discriminate diagnostic category, we employed a heuristic search method called stepwise general discriminant analysis (GDA) (SPSS Version 11, Chicago, IL, USA). GDA builds a linear discriminant function model based on single continuous degree-of-freedom predictor variables. The 67 genes identified in this study were used as predictor variables. During the GDA run, model building was based on Wilks lambda method using an F to enter of 3.84 (F ¼ t 2 ¼ 1.962) and F to remove of 2.71.
Results
Differential gene expression in the different ALL subgroups
Over 600 different genes were identified as differentially expressed (over 300 in each of the two subgroups) in the present SSH CCS study. In all, 67 genes were selected from either libraries for further characterization on the basis that they were unknown or have been previously implicated in cancers. Their expression was studied in an expanded ALL panel of 19 patients and three healthy individuals. According to their expression, the genes could be grouped as either general ALL markers, low-risk markers, or associated to a specific subgroup.
ALL markers: In all, 42 genes were found to be ALL markers.
Each of these genes showed a broad range of expression between the different ALL patients without any specific expression pattern associated to the different subgroups. A total of 39 genes, among which four were unknown, were expressed in every malignant ALL case studied, in a range between 2.5-300-fold over the expression detected in normal B lymphocytes (Table 1) . Three genes, UN-30, CHC1L, and UN-161, had little or no detectable expression in the normal B lymphocytes resulting in very high fold increase of expression.
Low-risk markers: BACH1, TP53BPL, and H2B/S were revealed to be specific markers for all low-risk patients with a cluster pattern of expression including the hyperdiploid and t(12;21) subgroups when analyzed on the ALL panel of 19 patients. The same correlation was maintained when the study was expanded to a panel of 38 patients. They had an average of 2.5-, 2.1-, and 4.6-fold increase, respectively, above the combined high-risk t(4;11), t(1;19), t(9;22), and NDCT subgroups ( Figure 4 ). FLT3 has been previously reported as highly expressed in AML and ALL. 24 In this study, FLT3 expression was significantly lower in the t(12;21) subgroup (average of 4.772.4) than in the other ALL subgroups, most specifically when compared to the hyperdiploid and t(4;11) ALL (average of 25.175 and 15.472.2, respectively).
The hyperdiploid subgroup was characterized by an average 2.3-, 4.9-, and 16.1-fold increase in the expression level of RTVP-1, IFITM2, and IFIT1, respectively, and a 22.4-and 76.8-fold decrease in the expression of BAALC and UN-197 over the other subgroups (Table 2, Figure 4) . None of the gene expression increases in the hyperdiploid ALL subgroup directly reflected the chromosomal abnormalities of the patients who all had three copies of chromosomes 4, 10, and 18, and three to four copies of chromosomes 14 and 21. Genes located on multiple-copy chromosomes were not proportionally (IFIT1) or selectively highly expressed in hyperdiploid ALL. Moreover, IFITM2 expression was elevated in all of hyperdiploid ALL, whereas only two of the patients had an additional copy of chromosome 11. t(4;11) and NDCT gene expression profiles: In all, 11 differentially expressed genes were associated with the t(4;11) ALL subgroup (Table 2, Figure 4) . DAD1, HOXA9, MEIS1, hypothetical protein KIAA1576, and three unknown genes showed an increase in expression. DAD1 and MEIS1 expression was consistently elevated in the t(4;11) subgroup but HOXA9 expression was inconsistent. The expressions of some of these genes were low or absent in patients from the other ALL subgroups mimicking the expression or lack of expression found in the normal B lymphocytes.
Five genes were selectively expressed at lower levels in the t(4;11) subgroup in comparison to the other ALL subgroups: ERG, CD10, FBXW7, and two unknown genes. ERG, a transcriptional activator with mitogenic and transforming activity, 25 was not expressed in the normal B lymphocytes and was minimally expressed in the t(4;11) subgroup. FBXW7 average expression was at least 20-fold lower in t(4;11) ALL than in the other ALL subgroups.
Only one gene characterized specifically the NDCT group, AC133, a marker of hematopoietic stem and progenitor cells (Figure 4) . 26 AC133 was consistently expressed at a low level in the NDCT ALL. High levels of AC133 expression were detected in the hyperdiploid and t(4;11) ALL.
Cluster and general discriminant analyses: An unsupervised hierarchical cluster analysis was performed with the CLUSFAVOR algorithm to group the genes based on similarity in their expression pattern and to segregate the patient cases based on global similarities in their gene expression patterns. The analysis was carried out on the fold variation value of the gene expression (RT-RQ-PCR data) for the normal B lymphocytes, the hyperdiploid, t(12;21), t(4;11), and NDCT ALL patients ( Figure 5 ). Genes that were defined as t(4;11) (genes 1-4, 14-16) and ALL markers (such as genes 21-30, 48-55) clustered together. However, the most interesting data were related to the patient clustering. Five distinct clusters were formed by the t(4;11) ALL, the normal B lymphocytes, the hyperdiploid ALL, two of the NDCT, and the t(12;21) ALL. The third NDCT clustered with the t(12;21) ALL. It is interesting to mention that at the time of the clustering, the karyotype analysis of one patient (number 40) had not yet been obtained. That patient however clustered appropriately with a low-risk hyperdiploid ALL and Gene expression profiling of pediatric ALL J Qiu et al cytogenetic result later confirmed the hyperdiploid karyotype of patient number 40.
A GDA was performed to investigate the ability of transcripts to discriminate the different diagnostic categories. GDA identified 13 genes (ANAX1, BAALC, CSRP2, ECT2, HOXA9, IFITM2, MEIS1, TPTC, DKFZP566J091, KIAA1576, UN-30, UN-58, and UN-141) with a statistical significance in terms of Wilks lambda that was less than 10 À6 for each of the 13 genes. The expression values for these 13 transcripts could simultaneously discriminate the 20 cases into their respective diagnostic categories (normal B lymphocytes, hyperdiploid, t(12;21), t(4;11), and NDCT ALL) with 100% classification probability. If performed in the absence of the normal B lymphocytes, the GDA identified nine genes (ABI1, CD10, H2B/S, HOXA9, IFITM2, TP53BPL, KIAA1576, UN-54, and UN-355) that simultaneously discriminated diagnostic category with 100% correct classification probability.
Analysis of the SSH-CCS-RT-RQ-PCR approach
Sequences from both libraries (t(4;11) and NDCT) were batch blasted against NCBI nr database. It appears that B20% of transcripts in each pool identified with genes previously shown to be related to leukemia and other cancers. This is four times higher than two randomly selected unigene sets from NCBI (result not shown). Moreover, between 27 and 37% of the transcripts in each library are novel transcripts. A detailed analysis of the BLAST showed that 38% of these novel transcripts corresponded to partial and full-length cDNA sequences previously identified through various screens with no function assigned, 47% identified new unpredicted genes, 11% matched with DNA regions where a gene had been predicted but not identified, and 4% associated with sequences homologous to ESTs. This explains why nine out of the 11 unknown transcripts presented in this study are not represented on recent commercial microarrays such as the Affimetrix U133 microarray.
To confirm the differential expression of the genes identified in the subtractions more accurately, 90 SSH cDNA fragments were selected from both libraries and their expression was analyzed by RT-RQ-PCR in the four patients used in the SSH experiment. The expression of 87% of these SSH cDNA fragments tested displayed the expected differential pattern of expression (result not shown). False-positive genes originated only from the NDCT subtracted library, suggesting a less efficient subtraction for this group. Genes differentially expressed in low-risk subgroups. The fold increase in gene expression was averaged for five hyperdiploid (*), 15 t(12;21) (n), four t(1;19) (K), five t(9;22) (E), six t(4;11) (m), and three NDCT (') patients using normal B lymphocytes as calibrator. For each gene, the lower-risk patients clustered separately from the higher-risk ALL patients. Statistical significance was assessed with the paired t-test using each patient fold increase value.
Several of the SSH cDNA fragments associated with the sex, immunophenotype, and differentiation status of the cells. Genes located on the Y chromosome such as the eucaryotic translation initiation factor 1A (EIF1AY), the ribosomal protein S4 (RPS4Y), and the DEAD/H box polypeptide (DBY) were obtained in the male subtracted library (SSH performed between a male and a female patient). When analyzed by RT-RQ-PCR, DBY expression was not only detected selectively in the males but it was increased in the 10 ALL males from 4-30-fold (average of 14.2873) over the expression detected in the two healthy males (average of 1.1170.11) (result not shown). Genes previously associated with stem cells, CD34 + hematopoietic progenitors, and early immature stages of lymphoid development (CD10, CD20, FLT3, BAALC, and AC133) [26] [27] [28] [29] had various levels of expression in the different ALL subgroups and reflected the diverse stages of development of the leukemia tested (Figure 4 ). CD10 RNA expression correlated well with the FACS immunophenotype analysis (Figure 4 and results not shown). CD10 protein cell surface expression was not detected or observed in only 0.1-1% of the cells in the t(4;11) ALL subgroup and was coupled with a very weak RNA expression level. High RNA ALL panel] four t(4;11) (black) and 15 patients of other subgroups (streaked). The different subgroups studied are hyperdiploid, t(12;21), t(1;19), t(9;22), t(4;11), and NDCT ALL. An asterisk (*) indicates that no expression could be detected in the marked subgroup. Statistical significance was assessed with the paired t-test using each patient fold increase value. 
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Figure 5
Cluster image display of differentially expressed genes among ALL subgroups. An unsupervised hierarchical cluster analysis was performed with the CLUSFAVOR computer algorithm on the fold variation value of the gene expression obtained by RT-RQ-PCR. One minus correlation (1Àr) was used as the distance function. The branch lengths in the dendogram are based on the distances at which the cases and genes joined during clustering. expression level in other ALL subgroups corresponded to CD10 detection in 68-99% of the cells.
Discussion
This study shows that ALL subgroup gene expression profiles can be characterized with the SSH-CCS-RT-RQ-PCR approach. Our data suggest that BACH1, TP53BPL, and H2B/S are markers of low-risk ALL. Several transcripts that were not previously associated with pediatric ALL were also identified. Although the study was carried out with a relatively small number of patients and using only about 1/10 of the identified genes, the clusters of expression were clear and statistically significant, even allowing the association of an uncharacterized patient to the proper karyotype subgroup.
The association of genes, most specifically BACH1, TP53BPL, and H2B/S, with a clinical risk group has never been observed before since published studies have only assigned gene expression profile to specific karyotypically defined subgroups. 4, 5 These genes as well as some of the genes expressed specifically by the low-risk subgroups might be part of the mechanism involved in the favorable responsiveness to drug therapy and the difference in clinical outcome between lowand high-risk ALL. However, their functional role in relation to clinical risk is not clear for the moment. BACH1 associates with MafK to generate DNA binding complexes that recognize NK-E2/Maf recognition elements (MARE) and act as transcriptional regulators. 30 These complexes might regulate hematopoietic differentiation through interaction with other transcription factors and might also be implicated in chromatin structure modification.
31 H2B/S belongs to the cell-cycledependent histone gene group that is closely associated with DNA synthesis and is abundant in rapidly dividing cells. 32 Rapidly dividing cells should be more susceptible to most chemotherapeutic agents. TP53BPL, also identified as Topors, has been reported to be involved in the cellular response to the chemotherapeutic drug camptothecin used in the treatment of solid tumors. 33 It might also be involved in the positive response to the drugs used in ALL therapy. TP53BPL might not only regulate drug responsiveness, but might also be implicated in other mechanisms such as the activation of apoptosis. 34 We also detected an increase in expression of other genes interacting or targeted by p53 such as RTVP and p53R2. 35, 36 Moreover, p53 expression was elevated in the malignant blasts (Table 1) and it is likely that it is functional since p53 mutations rarely occurred in ALL. 37 The expression of three genes was consistently more elevated in two t(4;11) patients who relapsed and died when compared with the long-term survivors of the same subgroup. They were ARC21, BAALC, and DAD1 with an average fold increase of 1.7, 2.8, and 6.7, respectively. BAALC overexpression had been previously linked to poor prognosis in AML patients 28 but has not been studied in relation with pediatric ALL subgroups. The fatal association was strictly limited to t(4;11) patient since similar BAALC expression was also detected in the t(9;22) patient who appears to be in long-term remission (43 years). Moreover, none of these genes showed any increased expression in the two NDCT patients who also relapsed and died. The association of these genes with a poor prognosis has never been reported for t(4;11) before and needs to be confirmed on an extended panel of t(4;11) patients with various outcomes. However, the specificity of the phenomenon where the overexpression of a gene correlates with relapse for one particular subgroup only is not unique. The overexpression of other genes was predictive of future relapse for t(4;11) as well as for other subgroups.
5 DBY was one of these genes for the hyperdiploid subgroup. 5 We did not analyze its expression in any relapsed hyperdiploid patient. However, DBY was overexpressed in every male ALL patients we studied when compared to the normal male individuals. Previous clinical data have indicated a difference in risk of relapse between male and female children, male children of any subgroups being at higher risk of relapse. 38, 39 Such discrepancy might be, in fact, related to the overexpression of DBY and possibly other genes located on the Y chromosome.
In this study, a comparison of the gene expression was not only performed between different ALL subgroups, but with the normal peripheral B lymphocytes. Such comparison might help in the identification of genes associated with the state of maturation of the blasts. In every known case where a gene was a marker of the stem or precursor hematopoietic cells, such as AC133, FLT3, and BAALC, [26] [27] [28] no expression was detected in the normal peripheral B lymphocytes. Moreover, these genes were differentially expressed in one of the subgroups reflecting the fact that the subgroups are at different stages of differentiation. Specific studies on the function of the genes identified in this study, such as UN-18, KIAA1576, UN-251, UN-210, and UN-58, will have to be carried out to elucidate their role(s) in the malignant vs maturation status of the blasts.
Normal peripheral B lymphocytes were also used in this study as calibrator. In fact, the choice of normal B lymphocyte as calibrator does not influence the result since it serves as a baseline, and the difference in gene expression between each patient would be maintained whatever sample is used as calibrator. Moreover, this choice was based on the fact that it would be difficult to compare the expression of the malignant blasts with the expression of the normal immature pro-and pre-B lymphocytes. It is impossible for ethical reasons to perform an invasive procedure to draw the bone marrow of healthy children. Moreover, a large amount of bone marrow would also have to be acquired to sort minute amounts of precursor cells. It would also be very difficult to match the different states of maturation of the malignant blasts from each patient to their normal counterpart, since each patient would be at a slightly different maturation state from one another and blast populations are often heterogenous.
The results presented in this paper highlight the significant advantages of the SSH-CCS-RT-RQ-PCR as a high-throughput approach for the rapid analysis of specific gene expression. The high-throughput advantage of this approach is not only associated with the automation of the cloning and sequencing process, and the computerization of the BLAST analysis, which incredibly speed up the SSH analysis by several weeks, but it also relies on the following aspects. The subtraction process (SSH) results in the direct identification of the differentially expressed genes, minimizing and simplifying the processing of the obtained information. The normalization process (SSH) eliminates redundant mRNA/cDNA copies allowing the identification of rare transcripts and minimizing the sequencing effort. The production of short cDNA fragments (RsaI digest in preparation for SSH) coupled with the concatenation and shearing process (CCS) permits the identification of several transcripts per sequence read, assuring maximal transcript identification with minimal sequencing. The CCS process also eliminates the uneven representation of transcripts due to cloning bias associated with the original SSH analysis, assuring the identification of every differentially expressed genes. Furthermore, the identification of the transcripts also simplifies the validation process. Limitation of the original SSH validation protocol such as transcript misrepresentation due to uneven labeling of the entire subtracted library (dot blot) and the repetitive hybridization of unidentified probe (cDNA Southern) originating in fact from the same transcript are eliminated.
Multiple unknown genes were detected by the SSH-CCS-RT-RQ-PCR approach. The identification of these genes, still absent on the most recent Affimetrix U133 microarray, gives a serious advantage to the approach in the discovery of potential markers and of genes that might influence the malignant blasts' behavior and response to treatment. Several of the known genes associated with the t(4;11) and hyperdiploid subgroups (DAD, HOXA9, MEIS, ERG, CD10, and IFIT1) were also reported as being specific to these subgroups using microarray approach. 4, 5 However, some of the known genes (FBXW7, p68, RTVP, IFITM2, and BAALC) detected by our approach were not mentioned by Yeoh et al. 5 They selected by informatics assessment only the 40 genes that were the most representative of each of the karyotype subgroups. 5 Each of these genes had a high difference in expression level between the karyotype subgroup it is associated with and the other ALL subgroups. The SSH-CCS approach was able to identify small differences in transcription levels down to two-fold. Mammalian cells are extremely sensitive to variations in the expression of certain genes, and small changes have been documented to result in severe disease. 40 Thus, it is important to consider genes that are minimally differentially expressed since they could be key genes in the clinical behavior of the leukemia subgroups.
The combined SSH-CCS strategy also allowed the detection of transcriptional differences between the cell types being profiled such as alternate exon splicing events and alternate start sites, which have been commonly seen in cancers and a number of other diseases. Intron retention in different genes has been reported in several diseases as well as in solid tumor. For example, CD44 transcripts with the retention of intron 9 have been found in multiple cancer types. 41 In this study, several SSH cDNA fragments were in fact introns of different genes indicating the occurrence of a defective splicing process. The expression of some of these SSH cDNA fragments was studied in the full ALL panel. The results indicated that the defect was not related to one subgroup but was present in all the subgroups based on the expression pattern of the related gene (data not shown). Such defect can be due to the absence or mutation of some key splicing proteins. Recent studies have also pointed out that hyper-and hypophosphorylation of SR proteins, a family of pre-mRNA splicing factors, influences the splicing process.
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CLK4 expression, one of the kinases that phosphorylates the SR proteins, was upregulated by more than seven-fold in ALL over the normal level of expression found in the normal B lymphocytes. TP53BPL, which contains the RS domain specific to SR proteins, and p68, which functions as an RNA helicase and is part of the spliceosome complex, were also overexpressed 6-19-fold in all the ALL samples compared to the nonmalignant lymphocytes. 33, 34, 43, 44 The defective splicing process cannot be explained by the upregulation of these genes and more studies are needed to understand this mechanism. However, it is becoming evident that the unsplicing/partial splicing of mRNA is a more common event in several cell types than first believed and the molecules might play a role that is yet to be determined (Clamp M et al, Platform talk: Ensembl: analysis and comparison of multiple genomes. Advances in Genome Biology and Technology (AGBT) Meeting, February 2003).
The expression of several of the genes analyzed in this study has never been associated with ALL or with different ALL subgroups. Several of these genes were previously reported with increased, [46] [47] [48] unmodified, 36 or decreased levels of expression, 37,49,50 mutated 51 or inhibiting the growth 48, 52 of other tumor types. Our study brings to light a potential role for these genes in the acquisition, maintenance, or regression of the ALL blast malignant status and points out important leads for further investigation. Moreover, our approach might greatly contribute to expand our limited knowledge of the transcriptome and benefit the design of future array to contain the entire genome complement.
